Rhodococcus sp. strain p52, a previously isolated dibenzofuran degrader, could effectively inhibit the growth of cyanobacteria, including species of Microcystis, Anabaena, and Nodularia. When strain p52 was inoculated at the concentration of 7.7×10
Blooms of freshwater cyanobacteria, in particular, the genus Microcystis, are widespread in eutrophic lakes, ponds, and reservoirs throughout the world, which severely impair water quality and threaten human health. Biological methods to control algae blooms are of increasing interest, using antagonistic microorganisms such as viruses [7] , bacteria [25] , protozoa [27] , and fungi [8] . Among these microorganisms, antagonistic bacteria are most reported as the potential bioagents to control blooms. Bacteria can eliminate algae with the mode of direct or indirect attack. Direct attacks occur commonly by the contact of predatory bacteria with algae, whereas indirect attacks are chemically mediated by the products of bacterial excretion. To date, algicidal bacteria belonging to different genera have been isolated, including Aquimarina salinaria [4] , Alteromonas sp. [6] , Xanthobacter autotrophicus [14] , Acidovorax delafieldii [13] , Sinorhizobium kostiense [16] , Bacillus [21] , Dietzia, Janibacter, Micrococcus [18] , and so on. Although studies have shown phylogenetic relations of some algicidal strains [14] , it seems that the algicidal bacteria are naturally widespread and taxonomically diversified. Screening for algicidal bacteria in natural water bodies has displayed an abundance of natural bioagent resource [13, 30] .
In the present study, we found that a previously isolated dibenzofuran degrader, Rhodococcus sp. strain p52, could effectively inhibit the growth of cyanobacteria. The aim of this study was to characterize the algicidal activity of the versatile bacterium strain. We tested its algicidal threshold concentration and its algicidal range. We also examined its anticyanobacterial mode and identified the extracellular substances associated with its algicidal activity.
MATERIALS AND METHODS

Microorganism Strains and Culture Conditions
The various strains of cyanobacterial species used in this study were obtained from the Freshwater Algae Culture Collection of the Institute of Hydrobiology, Chinese Academy of Sciences (FACHBCollection, Wuhan, China), including Microcystis aeruginosa FACHB 927, M. aeruginosa FACHB 975, M. flos-aquae FACHB 1028, Anabaena cylindrica FACHB 170, A. cylindrica FACHB 243, A. flos-aquae FACHB 245, and Nodularia spumigena FACHB 377. These strains were cultured in BG11 medium [16] 
Analysis of Algicidal Activity
Cell concentrations of cyanobacteria were quantified using a hemocytometer under a light microscope. The algicidal activity of strain p52 was evaluated by the following equation: Algicidal activity (%) = (1-T t /C t ) ×100, where T (treatment) and C (control) are the algae cell densities with inoculation and non-inoculation of strain p52, respectively, and t is the inoculation time. Cell suspensions of strain p52 were prepared by suspending the cells of p52 cultured on LB agar plates with sterile BG11 medium, and the concentrationadjusted cell suspension was inoculated into algae culture for the treatment. The mixed system was incubated at 30 o C under 20 µmol (photons) /m 2 s with a 12 h : 12 h (light : dark) cycle with shaking at 40 rpm. In the control, an equal volume of sterile BG11 medium was added into the algae culture. All the experiments were performed in triplicate and results are expressed as an average of the triplicate samples with standard deviation.
Bacterial Density and Algicidal Effect
To investigate the relationship between bacterial cell density and algicidal activity against M. aeruginosa FACHB 927, the cell suspension of strain p52 was serially diluted with sterile BG11 medium to initial densities of 7.7×10
7 CFU/ml, 7.7×10 6 CFU/ml, and 7.7×10
5 CFU/ml, and was mixed with M. aeruginosa culture (7.3×10 6 cells/ml), respectively. The cell suspension of strain p52 and the control were prepared as described above.
Algicidal Range of Rhodococcus sp. Strain p52
To examine the algicidal range of strain p52, cell suspensions were inoculated into BG11 cultures of N. spumigena FACHB 377, M. flos-aquae FACHB 1028, M. aeruginosa FACHB 975, A. cylindrica FACHB 243, A. cylindrica FACHB 170 and A. flos-aquae FACHB 245, respectively. The strain p52 cell density was adjusted to 7.7×10 7 CFU/ml, and the algae density was around 10 6 cells/ml. The cell suspension of strain p52 and the control were prepared as described above.
Determination of Mode of Algicidal Action
The cell suspension of strain p52 of about 7.7×10 7 CFU/ml was prepared as described above. The cell-free filtrate of strain p52 was prepared as follows: the cell suspension was centrifuged (8,000 rpm) at 4 o C for 10 min and the supernatant was filtered through a membrane filter (0.22 µm pore size). The bacterial pellet obtained after centrifugation was collected, washed twice with physiological saline, and then suspended in sterile BG11 medium and used as washed cell. Equal volumes of cell suspension, cell-free filtrate, and washed cell suspension were added into the culture of M. aeruginosa FACHB 927 for the algicidal test. The control was prepared as described above.
Hydrophilicity/Hydrophobicity Tests of the Algicidal Substances
The cells of strain p52 were suspended with distilled water. The cell-free filtrate of strain p52 was prepared as described above and concentrated to dryness on a rotary evaporator. The obtained powder was collected as the crude algicidal substances for further study. To investigate the algicidal substances for hydrophilicity or hydrophobicity, methanol and ethyl acetate were used as the target organic solvents. The following treatments were carried out on the crude algicidal substances of strain p52 prior to the algicidal activity test. (i) Crude algicidal substance prepared from 10 ml cell-free filtrate was added in 30 ml to methanol (HPLC grade) for a solution overnight at room temperature. The methanol-dissolved phase was separated from the sediments, and the methanol of both was removed by nitrogen blowing, and then redissolved in 10 ml of sterile water and labeled as HQ-A1 and HQ-A2, respectively. (ii) Ethyl acetate was added to 10 ml of cell-free filtrate of strain p52 and extracted twice, 5 ml each time. The water phase and organic phase were collected and combined respectively. For the organic extracts, ethyl acetate was removed with nitrogen blowing, whereas the solute was redissolved in 10 ml of sterile water and labeled as HQ-B1. The combined water phases were labeled as HQ-B2. An untreated 10 ml cell-free filtrate of strain p52 was labeled as HQ-0. The algicidal activity of each treatment group (2.5 ml) was tested in 6-well cell culture plates by mixing with an equal volume of M. aeruginosa FACHB 927 culture.
Identification of the Algicidal Substances
To identify the algicidal substances, the crude algicidal substances were prepared as described above and dissolved in methanol for highperformance liquid chromatography mass spectrometry (HPLC-MS) analysis. HPLC was performed using an Agilent-1200 separations module with ZORBAX Eclipse XDB-C18 column. The aqueous solvent system (flow rate, 1.0 ml/min) contained 0.1% (v/v) formic acid and 80% (v/v) acetonitrile. MS detection was performed in positive mode by using a nanospray electrospray ionization (ESI) mass spectrometry quadruple-time-of-flight (Qstar Pulsar) system.
Algicidal Tests of the Standard Substances
Algicidal tests with the standard substances of L-pyroglutamic acid, trans-3-indoleacrylic acid, and DL-pipecolic acid were performed in the following way: each compound was dissolved in distilled water and diluted to the final concentration of 0.5, 1, 10, and 100 mg/l, respectively. Each solution was added to an equal volume of the M. aeruginosa FACHB 927 cultures (7.7×10
6 CFU/ml in BG11) for algicidal tests. M. aeruginosa cultures with an equal volume of distilled water served as controls. The algicidal effect was determined after 4 days.
RESULTS AND DISCUSSION
Bacterial Density and Algicidal Effect
As shown in Fig. 1 , the bacterial density of 7.7×10
5 CFU/ml showed no algicidal activity against M. aeruginosa. However, significant inhibition of algal growth occurred when more than 7.7×10
6 CFU/ml strain p52 was inoculated. When strain p52 was inoculated at a concentration of 7.7×10
7 CFU/ml, the algicidal activity reached 93.5% after 4 days, and the alga was completely eliminated after 7 days. To control algal blooming, it is important to learn the threshold cell concentration of an algicidal strain for its lysis effect. In the present study, Rhodococcus sp. strain p52 had a threshold density of 7.7×10
6 CFU/ml for inhibiting M. aeruginosa (7.3×10 6 cells/ml initially), and the algicidal effect increased with the increase of strain p52 density. Similarly, the threshold concentration of X. autotrophicus SM02 for maximal algicidal activity against a natural bloom of M. aeruginosa (1.5×10
6 cells/ml initially) was 10
7 CFU/ml [14] . As previously reported, A. delafieldii HYY0510-SK04, A. delafieldii HYY0511-SK09, and Variovorax paradoxus HYK0512-SK12 showed algicidal effect on Stephanodiscus (10 5 cells/ml initially) with cell concentrations of about 10 5 cells/ml, and Hydrogenophaga palleronii HYK0512-PK04 and Pseudomonas plecoglossicida HYY0512-PK05 at a concentration higher than 10 6 cells/ml could inhibite growth of Peridinium (10 3 cells/ml initially) [13] . Considering the difference of algae strains and their densities, the algicidal activities of these bacteria were comparable.
Algicidal Range of Rhodococcus sp. Strain p52
The algicidal range of the cell suspension of strain p52 against other harmful algae species is presented in Fig. 2 . Strain p52 showed particularly strong inhibition against A. cylindrica strains (100%). A relatively weak algicidal activity (43%) was shown against N. spumigena FACHB 377.
Cyanobacteria blooms have posed potential hazards for human and animal health because many strains produce cyanobacterial toxins. By now, globally the most frequently found cyanobacterial toxins in blooms from fresh waters are the cyclic peptide toxins of microcystin and nodularin, which were characterized from such genera as Anabaena, Microcystis, and Nodularia [2] . Therefore, toxic cyanobacteria elimination has attracted much attention. In the present study, Rhodococcus sp. strain p52 could inhibit growth of cyanobacteria strains of Microcystis, Anabaena, and Nodularia. To date, a series of cyanobactericidal bacteria have been isolated and most of them targeted on specific alga species. Among these anticyanobacterial strains, an isolated Streptomyces neyagawaensis is outstanding, as it could eliminate a wide range of algae with an indirect mode, including M. aeruginosa NIES-44, A. cylindrica, A. flosaquae, and Oscillatoria sancta. It could also inhibit growth of diatoms such as Aulacoseira granulata and Stephanodiscus hantzschii [5] . It should be more applicable that an algicidal bacterium could target more than one toxic species. Therefore, strain p52 showed its application potential for algal bloom control.
Determination of Algicidal Mode
The algicidal mode of strain p52 against M. aeruginosa was tested. As shown in Fig. 3 , the cell-free filtrate and cell suspension of p52 could effectively inhibit the growth of M. aeruginosa as a contrast to the washed cell. The results revealed that strain p52 killed M. aeruginosa through release of extracellular substances and acted as an indirect attacker.
Antagonistic interaction was a common phenomenon among many microorganisms, and the algicidal effect of bacteria against algae with indirect attack is under the same topic. Actinomycetes are well known for their antagonistic products, such as antibiotics. Besides S. neyagawaensis with its outstanding performance [5] , another actinomycete, a Rhodococcus, has shown strong cyanobactericidal effect when coexisting with the Microcystis sp. [24] . It seems that actinomycetes are important bioresources for algicides. In the present study, the anticyanobacterial activity of the Rhodococcus sp. strain p52, which was previously screened 6 cells/ml when Rhodococcus sp. strain p52 was inoculated at the concentration of 0 (■), 7.7×10
5 CFU/ml (•), 7.7×10
6 CFU/ml (▼ ), and 7.7×10 7 CFU/ml (▲ ).
Data are shown as the mean with standard deviation of independent triplicates. Fig. 2 . The algicidal range of Rhodococcus sp. strain p52 against harmful algae species.
Data are shown as the mean with standard deviation of independent triplicates. The algicidal activity was determined after 6 days.
for its degradative ability, has shown the algicidal potential of actinomycetes with antagonistic products.
Identification and Confirmation of the Algicidal Substances
During preparation of extracellular substances from strain p52, the cell-free filtrate was yellow, and the water phase after ethyl acetate extraction and the methanol-dissolved phase appeared pale yellow. The sediment after methanol dissolution and the ethyl acetate-extracted phase were clear and almost colorless. The cell-free filtrate, the methanoldissolved phase, and the water phase after ethyl acetate extraction showed the algicidal activity of 100%, 97.8% and 98.9%, respectively (Fig. 4) . The results indicated that the algicidal substances were strongly hydrophilic and might be yellow. By HPLC-MS, trans-3-indoleacrylic acid, DL-pipecolic acid, and L-pyroglutamic acid were detected from the cellfree filtrate of strain p52 ( Table 1) . Growth of M. aeruginosa was significantly inhibited when more than 0.5 mg/l trans-3-indoleacrylic acid was added to the algal culture (Fig. 5) . In addition, more than 5 mg/l DL-pipecolic acid or L-pyroglutamic acid around 50 mg/l could significantly inhibit algal growth ( Fig. 6 and 7) . It should be noticed that M. aeruginosa was more sensitive to the combination of the compounds. The mixture of trans-3-indoleacrylic acid and L-pyroglutamic acid could exert 6 cells/ml after initial mixing) with the addition of sterile water (control), the cell-free filtrate of strain p52 (HQ-0), the methanol-dissolved phase (HQ-A1) and the corresponding sediments (HQ-A2), and the ethyl acetate extracts (HQ-B1) and the corresponding water phase (HQ-B2).
Pairs of bars show the algal density before (empty bar) and after (filled bar) treatment for 3 days. Data are the mean with standard deviation of independent triplicates. algicidal effects when each compound was added at the concentration of 0.25 mg/l (Fig. 8 ).
To date, although some lytic substances and their lytic mechanisms have not been clarified completely, more and more substances accounted for algicidal activities were identified, such as β-cyano-L-alanine [28] , thiazolidinedione derivatives [19, 20] , phomosine derivative [10] , bacillamide [11] , prodigiosin [12, 15] , indole, 3-oxo-α-ionone [30] , glycerolipids [9] , peptide [1, 26] , L-amino acid oxidase [3] , serine protease [23] , glucosidase [17] , harmane (1-methyl-β-carboline) [22] , quinolone derivative, and so on [6] . In the present study, Rhodococcus sp. strain p52 was found to synthesize extracellular substances associated with algicidal activity, such as trans-3-indoleacrylic acid, DLpipecolic acid, and L-pyroglutamic acid. These compounds effectively inhibited the growth of M. aeruginosa with concentrations from 0.5 mg/l to 50 mg/l. Some of the algicidal substances reported have effective concentrations against harmful algae that may differ from each other by one to two orders of magnitude. Bacillamide showed algicidal activity against Cochlodinium polykrikoides with LC 50 of 3.2 mg/l [11] , and glycerolipids inhibited growth of Heterosigma akashiwo at a concentration of 0.4-3.0 mg/l [29] . In addition, 2-undecen-1'-yl-4-quinolone was most active against harmful algae, such as H. akashiwo, C. polykrikoides, and Alexandrium tamarense, with LC 50 values of 0.5-1.1 mg/l [6] . Similar to the present study, β-cyano-L-alanine inhibited the growth of cyanobacteria at a concentration of 0.4-25 mg/l [28] . The glycerolipids have shown moderate-to-high cell lysis activity against the redtide microalgal species, H. akashiwo, Karenia mikimotoi, and A. catenella, at a concentration of 20 mg/l [9] . To be applicable, on the one hand, it is important that an algicide can exert effect under low concentration [30] . On the other hand, it has much more potential it the algicidal substance can effectively control harmful algal blooms with minimal impact on aquatic ecology [26] . Thus, further research needs to address not only the effects of the algicidal substances on harmful algae but also that on other aquatic organisms.
